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ne of the main problems of the classical chemical

engineering or unit operations laboratory is the dan-

ger of its becoming repetitive and boring. This pa-
per will address that problem and show how a simple labora-
tory experiment can be turned into an interesting experience
for both the students and the instructor by giving it a slight
flavor of process design. This was accomplished by adding
to the requirements of the final lab report the solution of a
design problem related to the experiment done in the lab.
The problem combined scale-up elements and changes to the
material’s chemical nature, or to the physical characteristics
of the laboratory setup.

This paper describes our approach to a classical stripping
experiment where air was used to remove toluene from
water in a packed column. Although the approach is de-
scribed in the context of this specific experiment, it can be
applied to any classical experiment.

THE UNIT OPERATIONS LAB AT CORNELL

To better understand the approach presented in this paper,
we will first give a brief description of how our lab is
organized. The senior class is divided into five groups (Mon-
day, Tuesday, Wednesday, Thursday, and Friday), with four
teams in each group. Six experiments are carried out in four
rotations. During the first week, all groups work on a short,
introductory experiment. Then the first rotation starts on the
second week and lasts four weeks, as do all rotations: a
rotation involves preparation, experiments (2 weeks), and a
report. (The report on one rotation and the preparation in
next rotation may overlap.) Two shorter experiments are
done in one rotation. The stripping experiment (described
in this paper) is done in one full rotation. The Unit Op-
erations Laboratory at Cornell has a page on the world
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wide web, currently at
http://speedrcr.cheme.cornell.edu/Uo/

that can be consulted for additional details on the course
organization.

ABOUT THE EXPERIMENT

The essence of this experiment is to remove a trace amount
of pollutant (a volatile organic compound) from water by
stripping it with air. The experimental apparatus and basic
operating procedure are as follows.

Apparatus < In this experiment, air and a toluene-con-
taminated water stream are brought into counter-current con-
tact in a stripping column. The experimental apparatus is
shown in Figure 1. The column is 15 cm (0.5’) in diameter,
packed with 5/8” plastic Pall rings. The approximate pack-
ing heightis 1.15 m (3.75’). A 0.5-m? (135-gal) tank with an
electric mixer is used to homogenize the feed supply. Rota-
meters are used to read liquid and air-flow rates, and the
thermocouples are used to read tank and column tempera-
tures. The liquid feed flows by gravity at low flow rates and
is driven by a centrifugal pump at higher flow rates. Samples
are collected at the water-stream inlet and outlet and ana-
lyzed using a Gow-Mac gas chromatograph equip-ped with
a flame ionization detector and Spectra-Physics integrator.
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Procedure + The tolu-
ene/water feed is prepared
at least one hour before the
lab begins by filling the
feed tank with water and
adding an amount of tolu-
ene to produce the desired
concentration. The mixer
runs until the lab period
begins. After verifying
proper valve settings, air
is allowed to flow through
the system by opening
valve V4, and its flow rate
is regulated with valve V3.
The water is then intro-
duced by opening valve
V2. A water seal is main-
tained by keeping the wa-
ter depth at the bottom of
the column within 3 to 5
cm. Steady-state condi-
tions are reached after
about five minutes. Water
samples are collected at
ports S1 and S2 (drain
pipe) in glass vials. Corks
wrapped with aluminum
foil are used to seal the
samples, which are then la-
beled and stored on ice.
The samples are analyzed
using the gas chromato-
graph. Pressure drop,
gauge pressure at the bot-
tom of the column, and
column temperature are
also measured.

THE
NEW APPROACH

As explained previously,
the students have four
weeks to complete the ex-
periment and submit a fi-
nal report. In the first
week, the TA meets with
the group for a brief ex-
planation of the experi-
ment’s objectives and op-
eration of the apparatus. A
memo with the require-
ments is distributed at this
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This paper presents a simple way to
enhance the learning experience in the unit
operations laboratory by adding a
related design problem to the
lab requirements.
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Figure 1. Apparatus for the stripping experiment.

TABLE 1

Design Problem

Clearwaters and Associates is a company that produces bottled
drinking water on a large scale. In their process they chlorinate
their source using standard processes, and therefore the level of
chloroform (and of other trihalomethanes, THMs) goes beyond
specifications. They are considering reducing the THM level by
stripping with air in a packed column. The water after chlorina-
tion may contain up to 400 ppb (by mole) of THM, 30% of
which is chloroform, 70% bromodichloromethane, and negli-
gible amounts of bromoform and dibromochloromethane. Their
typical daily production is about 60,000 5-gal bottles. As the
engineering team of Clearwaters and Associates your assign-
ment is to design the THM-removal system using stripping.
They plan to use a column packed with 5/8” plastic Pall rings.
The final THM level must be less than 50 ppb (by mole).
Typically, the operation will take place at 77°F.

meeting. The students are
also referred to the
experiment’s reference
manual, which is available
on the world wide web at
http://cheme. cornell.edu/
~lae/432/stripping.htm.

Using the traditional ap-
proach, the students would
figure out what variables to
measure to determine the
overall mass-transfer coef-
ficient and would probably
present some plots showing
the effect of, say, flow rates
on mass-transfer coefficient
and on the height of a trans-
fer unit. With this new ap-
proach, the students must
also solve a design problem
and include the solution in
their final lab report. In this
particular design problem,
the students use the infor-
mation collected in the lab
to compute the height of the
column. In addition to scale-
up, they must also consider
a difference in the chemical
composition/nature of the
inlet stream or the size/type
of the column packing. The
students need to determine
whether or not that differ-
ence is important, and if so,
how to account for it.

A SAMPLE
DESIGN PROBLEM

Table 1 shows a sample
design problem given to the
students in one of the fall
1996 rotations. Each team
was responsible for provid-
ing a final design for the
company. This task required
determination of the pack-
ing height and the column
diameter. The students were
given guidelines to help
achieve this goal, and in this
particular case they were re-
ferred to Veldzquez and
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Estévez!"! to find the needed THM's properties. Addition-
ally, they were asked to submit three pieces of documenta-
tion: a pre-experimentation memo, a preliminary-calcula-
tions memo, and a final report. Each of these parts had a
specific objective and helped break up the student workload
during the four-week lab period. The three parts are dis-
cussed in detail in the following section.

REPORTING REQUIREMENTS

Pre-Experimentation Memo

To help meet the final objectives of the design problem,
the students were asked to first prepare an experimental
plan, including a factorial design of experiments, to measure
the mass-transfer coefficients and the height of a transfer
unit in the laboratory. The plan was to be submitted to the
TA in a short memo at least two days before the day the
experiment was to begin. The next day, a copy of the memo
would be returned to the team with comments.

Some of the questions to be answered in this memo were:
What is the problem being addressed? What variables will
be measured? Which flow rates will be run? How much
toluene is needed to prepare the feed solution? What proce-
dure will be followed? What calculations will be performed?
How will the results be presented?

The pre-experimentation memo was an important part of
the lab, as it required the team to become familiar with the
apparatus and to carefully plan the experiment. The group
also needed to figure out how to do the necessary calcula-
tions ahead of time so they could record all the relevant data.

Preliminary Calculations

On the second lab day, each team had to submit calcula-
tions of the height of a transfer unit and the mass-transfer
coefficient for each experimental point taken on the first lab
day. Results had to be presented in a short memo (2 or 3
pages) along with a table showing L and V in lab units, and
G,, G,, m, S, x/xy, No,, Ho,, and K,a in SI units. A brief
description of the procedure that would be used to solve the
design problem also had to be included in the memo.

In the preliminary-calculations memo, the students had to
use the actual data they collected on the first lab day. At this
point, they will realize if they are doing something wrong,
or if they have failed to measure a variable they need
(e.g., atmospheric pressure, column temperature). This
also takes part of the load of writing the lab report from
the last week and spreads out report writing over two
weeks rather than just one.

Final Report

In addition to the traditional final lab report components,
the students were asked to use a correlation for their data of
the form
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K,a=yG*GP (1)

where v, o,andB are constants. To find these constants, they
used the linear-regression option of any standard spread-
sheet, with three contiguous columns containing log K. a, log
G,, and log G,. Each team also had to prepare a plot of the
height of an overall transfer unit and the overall mass-trans-
fer coefficient versus the liquid mass velocity (liquid mass
flow rate per unit cross-sectional area) at various gas mass
velocities. Experimental results, and the values predicted by
Eq. (1) must also be included. Finally, the students had to
prepare a parity plot with their results. This is a plot of the
experimental K.a (or Hy,) versus the values computed by
Eq. (1). Included as a reference were the diagonal line and
constant-error lines (e.g., +5% and -5% lines).

The solution to the design problem was to be discussed in
a separate section of the laboratory report. Using the correla-
tions proposed in the earlier section of the report, duly cor-
rected for chloroform and bromodichloromethane, the re-
quired packing height and column diameter (for a gas-flow
rate equivalent to 1.6 times the minimum gas-flow rate) had
to be computed. In the calculation of the diameter, a gas-
flow rate equivalent to 50% of the flooding value should be
used. After performing all the calculations, the team had to
report on the recommended design and the criterion or crite-
ria they used.

A company-type format of about ten pages was suggested
for the final report. This required the students to evaluate the
process by which they used actual lab data to solve an
industrial design problem and to justify their final design
proposal.

RESULTS OF THE EXPERIMENTS

We found it interesting to present the results of this experi-
ment. Although this is not directly related to the main objec-
tive of the paper, we realized that correlations for these types
of systems are less abundant than originally thought. To
present the results in a compact manner, all the data col-
lected during the course of the semester (four rotations, 219
points) were consolidated in a single spreadsheet. Then, a
correlation of the form suggested above in Eq. (1) was
obtained. The result was

Kxa =87 02.7780;().()5 (2)

The correlation coefficient (R?) for this fit was 0.908. With
Eq. (2), a parity plot was prepared to show the goodness of
fit for the correlation obtained (shown in Figure 2). In a
parity plot, the points should align along the diagonal, which
represents the perfect fit. Although the exponent for G, is
small, its standard error determined that it is statistically
significant.
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ON THE SOLUTION

stripping system to remove

OF THE DESIGN

toluene from a wastewa-

PROBLEM

The design problem
presented here requires

ter stream. The packing
available was 1.5” Pall
rings. Gas flow rate to be
used was 1.5 times the

the computation of mass-
transfer coefficients for
trihalomethanes in a sys-
tem similar to the one

minimum value. The stu-
dents had to figure out how
to correct for the different
packing size.

used in the lab. The cal-

culation of the packing
height and column diam-

e Problem 2. Addition-
ally, the students had to

eter is relatively straight-

Predicted K xa, [mol/m’ss]

find the value gas-flow

forward. If the data ob-
tained for toluene are

rate (relative to the mini-
mum value) that mini-

used, however, the stu- ' |1 ] mized the amount of pack-
dents have to determine . ing in the column.

how to correct f(?r the fact 100 4— - « Problem 3. Sinilar to
that t.he solutes in the lab 100 1,000 10,000 the problem presented in
angtan. the pipblem a1 Experimental K .a, [mol/m’ss] extenso, but with just one

different. To stimulate

creativity, no guidelines Figure 2. Parity plot for the mass-transfer coefficient.

were given on how to ap-
proach this aspect of the
problem. Perhaps the most elegant way to do this is to obtain
a dimensionless correlation to fit the experimental data, i.e.,

Shox =@Re? Reb scl (3)

The exponent for Sc cannot be obtained from the experimen-
tal data since only one solute is used. A value taken from the
literature can be used instead. The students can determine
the exponents ¢ and B from the experimental data and then
use the correlation to obtain the mass-transfer coefficient for
the design problem. The five groups in this rotation used a
similar, but somewhat lengthier, approach. They took a di-
mensionless correlation from the literature'® and used it to
figure out a “corrected” value of v in Eq. (1) (one for
chloroform and one for dichlorobromomethane). Then they
used the “corrected” Eq. (1) for the corresponding
trihalomethane. The important thing here is that all the
groups could find their way in solving the problem cor-
rectly. This contributes more to the learning process than
guiding them through a solution that could be more to the
instructor’s liking.

OTHER DESIGN PROBLEMS

During the fall 1996 semester, we prepared four design
problems, one for each rotation. The goal was to encourage
independent thinking about how to use a routine lab experi-
ment to solve a real-life problem. To provide some ideas of
how this approach can be implemented, we highlight here
the main features of the other three problems.

¢ Problem 1. Here the students were asked to design a
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trihalomethane (chloro-
form).

STUDENT FEEDBACK

No formal specific survey to explore the students’ impres-
sion of the approach was conducted because the idea of
writing this paper came after the term was over. But a three-
page course-evaluation questionnaire was distributed to give
the students an opportunity to comment generally on the
course. One of the questions was, “Please comment on each
experiment in terms of its value as a chemical engineering
learning experience.” We also informally asked some
students what they thought of the new approach. The
feedback was highly positive. The most praised fact was
the opportunity to connect an isolated lab experiment
with a real-world problem.

Some of the actual responses were:

* “This was the most valuable learning experience. |
got a lot out of it in terms of learning what it takes
to design a real column...”

* “I really like this lab. It was complicated, but not
impossible. Overall, I learned a lot.”

* “I liked this experiment. The lab itself is simple, but
understanding and utilizing the data is very
complex.”

* “Of all the experiments, I feel that this one was the
one I learned the most in.”

* “Good learning experience in terms of scale-up
design.”
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CONCLUSIONS

This paper presents a simple way to enhance the learning
experience in the unit operations laboratory by adding a
related design problem to the lab requirements. This idea can
be implemented in any classical unit operations experiment
such as distillation, absorption, liquid-liquid extraction, or
even in a heat-exchanger experiment.

By implementing this approach, the students connect lab
work to real-life problems, their creativity is stimulated, and
the concepts are learned enduringly. The feedback from the
students confirms this. It is apparent that they felt more
comfortable the following term when they had to apply these
concepts to design absorption, stripping, and even distilla-
tion columns as part of the task in the senior design course.

NOMENCLATURE

a  gas-liquid interfacial area per unit total volume [m*%m’]
G_ liquid-phase flow rate per unit cross-sectional surface area
(m]
G_ gas-phase flow rate per unit cross-sectional surface area
[m]
H_  height of an overall transfer unit based on liquid-phase
concentrations [m]

K, overall mass-transfer coefficient [m/s]
L liquid-phase flow rate [kg/s]
m Henry’s constant expressed as a ratio of mole fractions
N, number of overall transfer units based on liquid-phase
concentrations
Re  liquid-phase Reynolds number
Re  gas-phase Reynolds number
S stripping (desorption) factor
Sc,_ liquid-phase Schmidt number
Sh,,  liquid-phase Sherwood number based on K
V  gas-phase flow rate [kg/s]
x, mole fraction of solute in the liquid phase at the inlet
X, mole fraction of solute in the liquid phase at the outlet
Greek Symbols
o exponent in Egs. (1) and (3)
B exponentin Egs. (1) and (3)
Yy exponent in Eq. (3)
¢ coefficient in Eq. (3)
v coefficient in Eq. (1)
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Ethanol Fermentation
Continued from page 57.

experiments of ethanol fermentation dispensed with the dis-
tillation of the sample and the chemical analysis of ethanol.
The experimental data obtained in the assays allowed fits of
a simple kinetic model (Monod) and of one that takes into
account the inhibition by the product.”’ Comparison of the
kinetic parameters obtained in the present work with others
in the literature showed that the experimental device has
attained the expected aim.

NOMENCLATURE

D internal diameter of the PVC pipe [D=10 cm]
K, product inhibition constant [gL"']

K. saturation constant [gL]
ethanol molecular weight [M

S

ethanol 46]
Nco, number of moles of ethanol formed

ethanol —

n, number of moles of CO, evolved at time t=i
P product concentration [gL']

. local atmospheric pressure or barometric pressure [atm]
R gas constant [R=82.04 atm cm®/(g-mole K)]

R? regression coefficient [-]

limiting substrate concentration [gL']

gas temperature [K]

time [h]

broth’s volume [L]

gas volume at time t=i [mL or cm?]

cellular concentration [gL"]

y, distance from top of PVC tube to water level at t=0 [cm]

<< aHwm
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y, distance from top of PVC tube to water level at t=i [cm]
Y, cell yield coefficient [gg']
Y, product yield coefficient [gg']
Greek
i specific growth rate [h']
Wmax Maximum specific growth rate [h™']
Subscripts
0 refers to the time t=0
i refers to the time t=i
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